Diamondlike carbon (DLC) thin film was prepared by the plasma polymerization of H~/CH4 on Al plate for an application to a dielectric electrode in clinical bioelectric measurements. The DLC films obtained had a high dielectric constant of as high as 12 and very low dielectric loss of about 0.03-0.06, which indicated that they worked as capacitors. The DLC films also had excellent mechanical properties, great hardness, adhesivity, and durability, although their thickness is only around 10 nm. The barrier property of the DLC films against a physiological salt solution was also satisfactory. In the simulation measurement of electrocardiogram, an oscillated signal passed through the DLC film with a physiological salt solution was detected by a synchroscope with an advance of t/2 as in the theory. A possibility of the use of the DLC film for the application to clinical bioelectric measurements was suggested.
Introduction
We have recently been working on the preparation of thin dielectric films with high dielectric constant(e)by Sthe use of low-temperature plasma for an application to clinical bioelectric measurements, such as electrocardiogram, electroencephalography, and electromyography. In such measurements, metal electrodes are usually used. With metal electrodes, however, conductive paste is necessary to be applied to human body for the maintenance of a good conduction between the electrode and the body. This conductive paste sometimes causes skin irritation and deterioration. If a dielectric electrode is available, biologically active potential can be converted to a wave signal through a capacitor directly. In such a case, conductive paste is not necessary, which could prevent physical and mental stresses of patients and enables long-term attachment of the electrode.
Lopetz et al. prepared a dielectric electrode for the clinical bioelectric measurements, which consists of Si02 anodic-oxidized on Al plate surface [1] . There is arelationshipbetween electric capacity, C, and e expressed by C = e0e(S/d) (1) where co is dielectric constant in vacuum, S is the area of the electrode, and d is the thickness of the dielectric film. An electric circuit they devised for the measurements, the Si02 anodic-oxidized film worked as a dielectric electrode as they expected, but the dielectric constant was not large enough and the barrier property against water was not sufficient enough.
In eq. 1, in order to have a large C to reduce the S/N ratio, we have to prepare very thin dielectric films with high c . For example, if the electric capacitance more than 100 nF with an 1-cm2 electrode is required, and assume cS is 10, the thickness must be less than 90 nm.
In our previous paper, we used hexamethyl-disilazane (HMDS) to form silicon nitride dielectric films with the thickness of 100-200 nm by plasmaassisted chemical vapor deposition (PCVD) [21.
The dielectric constant of silicon nitride is said to be higher than that of silica. Indeed e of the PCVD films of HMDS we obtained was as high as 11, and their barrier property against water and mechanical properties were also good.
In this paper, we tried to form more durable and inert dielectric diamondlike carbon (DLC) films. The applications of DLC films are some how limited to a cutting or polishing tool and protective and lubricant coatings because of its excellent mechanical properties. However, DLC film is a good insulator because of its large band gap, and expected to have a very high dielectric constant. If DLC thin films have a very high dielectric constant and are used in our immediate application for clinical bioelectric measurements as dielectric electrodes, the required thickness of the films will be much less.
Diamond synthesis at high temperature and pressure has been long known. When the synthesis at low pressure was established in 1980s, the synthesis of DLC thin film has been widely conducted since then. In the DLC film formation at low pressure by plasma, CH 4 is usually used as carbon source and diluted largely with H2. CH 4 is the simplest spa-carbon compound and a large amount of H2 is a supplier of H atoms that are very important for the formation of active sp 3 carbons that lead to DLC. The details of the general synthesis of DLC films should be referred to books [3,41. 2. Experimental 2.1. Materials
As a monomer gas of the plasma polymerization, a mixture of H 2 and CH4 (both purchased from Taiyo Toyo Sanso) with the volume ratio of 95:5 was used, which is the typical mixing ratio for the DLC thin film formation in a low pressure. As substrates, Al plates purchased from Sumitomo Light Metal Industries (99.9%-purity, 30 X 40 X 0.5 mm for dry tests, 104 X 0.5 mm for wet fpctc and 10 X 10 Y ') mm fr r mpnhariiral tests) were used. 2.2. Plasma Polymerization Figure 1 shows schematic illustration of the plasma polymerization system. A tubular reactor (borosilicate glass, 26-mm i.d., 270-mm height) was connected to the top of a bell-jar reactor (borosilicate glass, 260-mm i.d., 270-mm height, 8.8-L vol). The tubular reactor was wrapped spirally with a pair of Al strips, which were used as electrodes for the formation of dense plasma in the reactor.
The plasma polymerization system was evacuated from the bottom of the bell jar reactor to less than 10 Pa by a rotary vacuum pump prior to the introduction of the monomer gas. The flow rate of H2 and CH4 was controlled with mass flow controllers (STEC, SEC-400) independently, and the mixture was introduced through a stainless-steel tube to the middle of the tubular reactor. Asubstrate (Al plate) was placed on the substrate holder (100-mm d.) made of stainless steel, of which temperature was controlled at 300 °C unless otherwise noted.
Radio frequency (rf, 13.56 MHz) plasma was created in the tubular reactor with an rf generator (Adtec, AX-1000) and an automatic impedance matching unit (Adtec, AM-1000S).
Thickness of the deposit was measured with a quartz thickness monitor (JEOL, JTM200R) using six crystal sensors placed on the substrate holder near the substrate. Plasma polymerization conditions in this study were summarized in Table 1 .
Plasma Emission Analysis
For the diagnosis of H2 /CH4 plasma, emission spectra of H 2 and CH4 were taken with an emission spectrometer (Ocean Optics, 52000) through an optical fiber from the outside of the tublar glass reactor.
Surface Analyses of DLC Films
Surface of DLC films formed by plasma polymerization was analyzed with X-ray photoelectron spectroscopy (XPS, Shimadzu, ESCA-750) and attenuated total reflection (ATR)-FTIR (Perkin Elmer, System 2000).
In order to check the electric resistance of the DLC films, we measured their resistance and calculated their volume resistivity (p~) with
where RCF is volume resistivity coefficient (0.273), R is measured resistance (Q), and t is thickness of the DLC film. The resistance was measured with a resistivity meter (Mitsubishi Yuka, Hiresta IP MCP-HT260).
Mechanical Properties
The mechanical strength and the adhesivity of the plasma polymerized DLC films on Al plate was examined by the measurement of the friction coefficient in a friction test. The friction test was carried out with a high-speed and low-load friction tester (Iwamoto Manufacturing) described in the previous publication [2] . In the test, friction force between the polishing steel plate, which moves back and forth, and test piece pressed down with a load (0.98 N) was detected. In a 60-mim run, the test piece moves relatively 36 m on the polishing steel plate.
For the examination of the hardness of the surface, the Rockwell superficial hardness was measured with a digital twin hardness tester (Akashi Manufacturing, ATK-F 1000). In the measurement of the Rockwell superficial hardness, which is different from the Rockwell superficial hardness, much smaller standard force (29.42 N) and test force (147.1 N) were applied.
Dielectric Properties
For the measurement of dielectric properties, four electrodes (10-mm d. each) were formed on the DLC films by the sputtering of Ag. s was calculated with eq.1 after the measurement of electric capacity created between each one of the Ag electrode and Al substrate with an LCZ meter (NF Electronic Instruments, 2322) with applied frequency of 0.1 to 20 kHz and applied voltage of l v.
Barrier Property
Barrier property of the plasma polymerized DLC film was examined by the measurement of capacitance using a droplet of a physiological salt solution on the plasma polymerized DLC film as an electrode instead of Ag. If the barrier property of the DLC film is not good enough because of a pinhole or some other defects, the physiological salt solution is to penetrate into the film and the e cannot be measured.
Simulated Experiment of the Measurement of Electrocardiogram with DLC Film
On the supposition of that the DLC film as an electrode is used in the actual measurement of electrocardiogram, an electric circuit shown in Figure 2 was designed. The capacitor in the circuit is a DLC film with a droplet of a physiological salt solution. A signal, audio-frequency wave of 0.02-200 kHz, was oscillated from a low-frequency oscillator (Nakamura, CR-AD) and was detected by a synchroscope (Iwatsu, SS-7607, 60 Hz). In this circuit, a signal (voltage) from the oscillator has two ways to go: one is a direct pass to Channel 1 of the synchroscope and the other way is to Channel 2 via the capacitor and a resistance. In the circuit with the capacitor, because of its impedance the current advances by rr/2, which is a general theory in ac circuits with a capacitor. Therefore, if the DLC film with the salt solution works as a capacitor, the voltage detected by Channel 2 advances by n/2.
Results and Discussion

Plasma Emission Analysis
At the beginning, in order to diagnose the plasma state of H2 /CH4, we obtained emission spectra of H2 and CH4 plasmas. Figures 3A and 3B show emission spectra of H2 plasma and CH4 plasma, respectively. The spectrum of H2 plasma (Fig. 3A) was found to correspond to the Balmer series of hydrogen-atom spectrum, which indicates that the majority of H2 has been decomposed to hydrogen atoms. In CH4 plasma (Fig. 3B) , the same pattern of the spectrum of the Balmer series was obtained, of which intensity was much higher than that for H2 plasma. The reason can be explained by the difference of bond energy. Because the bond energy of C-H (3.51 eV) is smaller than that of H-H (4.52 eV), C-H bond is easier to be cleaved and more hydrogen atoms are created in CH 4 plasma. Also in H2 /CH4 plasma, active hydrogen atoms are abundant that were created from both H2 and CH4. The roles of the hydrogen atoms created are thought to be further activation of CH4 and reaction with 5p2 carbons to create active sp 3 carbons and removal of by-products. With a great assist by hydrogen atoms, spa carbons are connected to form diamondlike structure.
Surface Analyses of DLC Films
The surface of the DLC films obtained from the plasma polymerization of H2 /CH 4 was analyzed with XPS and ATR-FTIR. Before presenting the results of the surface analyses, however, we would like to mention that the thickness of the DLC films was very thin, around 10 nm, as shown in Table 1 . The measurement of the film thickness was not easy as well as the analyses of surface properties. Table 2 shows the results of XPS analysis of the DLC film along with diamond powder as a reference.
Because very thin film is deposited on Al substrate, a relatively large amount of Al was detected.
Oxygen is always detected on any kind of surface and was found 11.7% even in diamond powder.
And as usual in plasma polymer, a very large amount of 0 was found although it was not included in the monomer gas. Since plasma-treated or plasma-polymerized surface is very active and contains a number of radicals, once the reactor is open to air, 02 reacts with the radicals, which cannot be avoided.
Si, which is not also included in the monomer gas, was found in the DLC film because glass surface of the reactor was sputtered by dense plasma.
Since the C1S peaks of oxygen-bonded carbon and DLC appear at a similar binding energy, the large amount of oxygen on the surface made a Fig. 3 . Emission spectra of (A) H2 plasma and (B) CH4 plasma. detailed analysis impossible. From the results of XPS, therefore, it is difficult to estimate the ratio of diamond structure in this thin film. As far as dielectric properties are concerned, however, 0 and Si are not believed to affect them so much because silica itself has a considerable dielectric constant. Figure 4 shows ATR-FTIR spectrum of DLC film. Since the film is very thin, signals are not very sharp, but some peaks can be recognized. Peaks at 1500 and around 900 cm1 are assigned to the bendings of sp 3 C-C bond or sp 3 methyl group and sp3C-C bond, respectively, indicating the formation of spa carbon structures and inclusion of hydrogen. These results are similar to those presented by Dischler et al [5] . A peak at 1210 cm' can be also assigned to spa C-C bond. There are some hydrogens included in this DLC film, but as far as carbon is concerned, this film is assumed to be consists mainly of sp 3 carbons.
Electric resistivity is also an important property for dielectrics, although it cannot be discussed only on the surface. Volume resistivity of obtained DLC films at different plasma power are shown in Table  3 . The volume resistivities of obvious insulators such as barium titanate and alumina are 1012-15 and 1012-13 Q• cm, respectively. Also, those of single crystalline diamond and diamond thin film are said to be 101316 and 109 Q•cm, respectively. In comparison with those data, the volume resistivities we obtained for the DLC films were in the order of 1018, which are much greater, indicating them excellent insulators.
Mechanical Properties
For the evaluation of the mechanical strength and adhesivity, the obtained DLC films were subjected to a friction test using a friction tester, and the friction coefficient of the DLC films was measured. The Vickers hardness of the polishing plate (steel) is 273 and that of the Al plate as a substrate is 38.7. Therefore, Al is to be abraded. The results are shown in Figure 5 . The friction coefficient of all samples, that are Al plate and DLC films deposited on Al plate at different temperatures, increased with increasing sliding distance. The uncoated Al as a reference showed the highest friction coefficient among them, which indicates the Al plate was relatively easier to be abraded and the surface became rougher. The friction coefficients of DLC films are much smaller than that of Al plate, which indicates that they are lubricating and durable. The coefficient was found to be dependent on the substrate temperature: it basically decreased with increasing temperature, and one deposited at 300 °C showed the minimum coefficient. However, that of the DLC film deposited at 350 °C became higher and abraded, probably due to the difference of the expansion Table 3 . Volume resistivity of typical insulators and DLC films. Next, we measured the Rockwell superficial hardness of DLC films on Al plate. Table 4 shows the hardness of Al plate and DLC films deposited at 30-60 W on Al plate. The Rockwell superficial hardness of the Al plate is 63.9 on the average, while that of DLC film is more than 67. The increment may not be large, but taking into account the thinness (around 10 nm) of the DLC films, we have to say that this increase is outstanding. Its dependence on the plasma power is not clear, but one obtained at 50 W showed the greatest hardness of 68.3.
Dielectric Properties
In the measurement of dielectric properties of the DLC films in a dry condition, the capacitance of those very thin DLC Films was found to be very high, 500-700 nF, which implies that the DLC films are very good capacitor.
Figures 6A and 6B show frequency dependencies of ES and tan o in the range of 0.1 to 20 kHz. es is almost independent of the frequency but it varies with the plasma power. For the DLC films prepared at lower plasma power, 30 and 40 W, the ES was relatively low, about 4, while the one prepared at 50 W showed very high es of about 12. That of the film prepared at 60 W was around 7. The reason that the DLC film prepared at 50 W had the highest ES has not been elucidated yet, though there should be some inherent properties that affect ES. The thickness (deposition rate) and the resistivity may not be the factor according to the results we presented earlier. Only coincidence that the DLC film prepared at 50 W showed the best property is the hardness (Table 4) , of which relationship with ES has not been explicable.
In tan b, Fig. 6B , a frequency dependence can be seen. It increases a little with increasing frequency. However, the values of tan o are very small, 0.03-0.06, which can be ignored for the performance of capacitors in this range of the frequency. We summarized those electric properties at 1 kHz of the DLC films in Table 5 . ES of the DLC prepared at lower plasma power may not be high enough but those thin DLC films, especially one prepared at 50 W, are found to be a good capacitor, and it could be possible for the use as dielectric electrodes in the application to the clinical bioelectric measurements.
Barrier Property
When a dielectric electrode is used in clinical bioelectric measurements, it must be stable and must Table 5 . Dielectric properties of DLC films.
50(•),
not be affected against perspiration of human body. In short, in this study, the DLC films must be a good barrier for that. For the examination of the barrierproperty, we used a droplet of a physiological salt solution on the DLC film as an electrode instead of Ag to measure ss and tan S. In all samples, sS was able to be measured, which indicates the DLC films with the salt solution worked as a capacitors. Figure 7 shows frequency dependencies of e and tans, for the DLC film deposited at 50 W. ES decreased from 12 to less than 2 at the beginning, but it was almost stable at about 4 at the frequency of 1 kHz or higher. sS in the wet condition was smaller than that in the dry condition with Ag electrode, but it is still comparable to those prepared at 30 and 40 W measured in the dry condition. Similar to tan 6 decreased at the beginning, but it increased linearly at the frequency range more than 1 kHz. The only concern is this very high tans, about 0.3-1.9, compared with those measured in the dry condition ( Table 5) . The similar result, high tans in the wet condition, was found in the PCVD films of HMDS [2] . This is an important issue to be solved, but as far as the barrier property is concerned, the DLC film was found to be outstanding despite its thinness.
Simulated Experiment of the Measurement of Electrocardiogram with DLC Film
In the simulated experiment of electrocardiogram with the DLC film as an electrode in a wet condition using a physiological salt solution (Fig. 2) , we examined that if an ac wave oscillated from the oscillator can be detected with the synchroscope or not. If the signal is detected properly, the DLC film is assured to be used in the clinical measurement of electrocardiogram. Figure 8 shows a synchroscope display of signals detected by two channels. Channel 1 detects the oscillated signal directly, while Channel 2 detects the signal passed through the capacitor (DLC film with the salt solution). The phase of the signal detected by Channel 2 advanced by rc/2, following the ac theory of a circuit with a capacitor explained in Experimental section. This result proved that the DLC film with the salt solution worked as a capacitor and the DLC thin films can be applied to clinical bioelectric measurements as dielectric electrodes.
Conclusion
In the plasma polymerization of H2/CH4, DLC thin films were obtained.
From the measurements of XPS and ATR-FTIR, although the obtained DLC films contain some oxygen and hydrogen, they were found to consist mainly of spa carbons. The thickness of the DLC films was very thin, around 10 nm, but their mechanical properties, such as hardness and durability, were excellent. Their electric resistivity was in the highest level among the representative insulators.
In fact, those very thin DLC films were good dielectrics that had a very high dielectric constant, 12 at the maximum, and very low dielectric loss, less than 0.06. The DLC thin films also showed an excellent barrier property against physiological salt solution. In the simulated experiment of electrocardiogram, the DLC thin film with the salt solution worked as a capacitor, which confirmed the possibility of their 
